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I . 0 SUMMARY 


The NASA Quiet Clean Short-Haul Experimental Engine (QCSEE) Program in- 
volves the design, fabrication, and testing of experimental, high by-pass, 
geared turbofan engines and propulsion systems for short-haul passenger air- 
craft. This program includes two engine configurations; one mounted under 
the wing ( UTW) and one other over the wing (OTW). This combustor technology 
development program was conducted as part of the overall QCSEE program to 
identify, define, and develop technology for the design of a small, compact 
advanced combustor, with significantly lower pollutant emission levels than 
those of current technology combustors suitable for use in advanced CTOL com- 
mercial aircraft engines. The efforts of this 24-ir.onth program were directed 
toward evaluating combustor design approaches for obtaining low carbon mon- 
oxide (CO) and unburned hydrocarbon (HC) levels, with very severe combustor 
inlet operating conditions at the engine ground idle power setting, as well 
as low oxides of nitrogen (N0 X ) levels at high engine power settings. 

This combustor program specifically involved the definition and testing 
of double-annular dome combustor designs, based on a concept evolved earlier 
in the NASA/CE Experimental Clean Combustor Program (ECCP). This concept 
features the use of two discrete zones within the combustor, with which the 
combustion process may be appropriately staged to minimize CO and HC levels 
at low engine power operating conditions as well as N0 X and smoke levels 
at high engine power operating conditions. The key elements of this program 
included the aeromechan ical design of a QCSEE-sized version of this advanced 
combustor design concept, the fabrication of sector versions of the combustor 
design, the design and fabrication of a sector combustor test rig, and the 
testing of various sector combustor test configurations to obtain a configu- 
ration to meet the program emissions and performance goals. These sector com- 
bustor test configurations were designed to fit within the combustor housing 
of the QCSEE configurations and were evaluated, at elevated pressures, in a 
sector test rig which exactly duplicates the combustor housing of the QCSEE 
configurations. In addition to detailed emission data, detailed data on the 
other important performance characteristics of many of the test configurations 
were also obtained. 

Four basic versions of the doub le-annul ar dome combustor concept, in- 
volving a total of 32 test configurations, were evaluated in the sector com- 
bustor tests. They included a baseline version modelled closely after the 
NASA/GE ECCP double-annular dome design, a version with the location of the 
pilot-stage dome and main-stage dome interchanged plus an improved pilot- 
stage dome swirl-cup design, and a similar version except with an improved 
high-power main-stage dome swirl-c »p design. Encouraging results were ob- 
tained with the final version which featured the pilot stage located in the 
inner dome and modified pilot- and main-stage swirl-cup designs. With this 
advanced combustor design approach, CO and HC levels at or near the program 
target levels were obtained. Significant reductions in N0 X levels were 
also obtained with this advanced combustor design concept. However, large 
adjustments in the measured N0 X values were required since the simulated 
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high power sector combustor inlet conditions set in the test rig were well 
below the actual engine conditions due to facility limitations. In addition, 
the other important performance characteristics of this advanced QCSEE com- 
bustor design were found to be generally satisfactory. 

Based on these results, it is concluded that CO, HC, and N0 X levels 
obtained with this double-annular dome staged combustor design concept are 
significantly lower than those of current technology combustors and meet the 
program goals for a flight engine. It is further concluded that acceptable 
ground ignition and altitude relight performance can also be obtained with 
this two-stage combustor design concept based on sector combustor test data. 


2.0 INTRODUCTION 


Various studios to do fine the extent of contributions of turbine-engine- 
powered aircraft to world-wide pollution have been conducted. In general, 
these studies have shown that the overall contributions of aircraft turbine 
engine emissions tc the air pollution problems of metropolitan areas are quite 
small as compared to those of other contributors (Reference 1). The foremost 
concern associated with these engine exhaust emissions appears to be their 
possible impacts on the immediate areas surrounding major metropolitan air- 
ports. Because of the operating characteristics of most current turbojet and 
turbofan engines, the highest levels of the various objectionable exhaust con- 
stituents are typically generated at engine operating modes that occur in and 
around airporcs. Further, because large numbers of daily aircraft operations 
can occur in and around a given airport, the cumulative exhaust emissions re- 
sulting from these localized aircraft operations tend to be concentrated to 
some extent in the airport vicinity. 

For these re ions, the U.S. Environmental Protection Agency (EPA) con- 
cluded that standards are needed to regulate and minimize the quantities of 
CO, HC , N0 X , and smoke emissions discharged by aircraft when operating with- 
in or near airports. Based on this finding, such standards were defined for 
several different categories and types of fixed-wing, commercial aircraft 
engines. As originally promulgated, these standards, for the most part, are 
to become effective in 1979 (Reference 2). 

To meet these gaseous emission standards, new and advanced technology is 
needed for the reduction of CO and HC emission levels at ground idle operating 
conditions and the reduction of N0 X emission levels during takeoff, climbout 
and cruise operations. The attainment of the required reduced exhaust emis- 
sion levels in future engines primarily involves providing improved and modi- 
fied main combustors for use in these engines. In most engines, major combus- 
tor design technology advances are needed to obtain the significant reductions 
in these gaseous emissions that are required to meet the prescribed EPA stan- 
dards. 


One of the programs conducted to provide these needed combustor design 
technology advances was the Experimental Clean Combustor Program (ECCP). This 
program was initiated by NASA in 1972 (Reference 3). The overall objective of 
this major program was to define, develop, and demonstrate technology for the 
design of low pollutant emission combustors for use in advanced commercial air- 
craft engines with high cycle pressure ratios, in the range of 20 to 33. In 
the NASA/GE ECCP, conducted under Contract Numbers NAS3-16830, -1833), and 
-19736, significant progress was made in the identification and developement 
of a double annular dome CF6-50 combustor design with significantly lower CO, 
HC, and N0 X levels than those of the current production CF6-50 combustor. 
Emission levels approaching the stringent goals of this program were obtained 
with this advanced combustor configuration. Also, very low smoke levels and 
generally satisfactory characteristics in other important performance aspects 
were obtained. The technology evolved in this program is expected to be 
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directly applicable to large turbofan engines, such as the CF6-50. However, 
the direct ap. icability of the combustor design technology evolved in the 
NASA/GE ECCP to smaller size engines was not evaluated in the program. There- 
fore as a part of che overalL QCSEE program, a program involving the design, 
and the technology development of a smaller size double annular dome combus- 
tor was initiated, based on the advanced combustor design technology developed 
in the NASA/GE ECCP. 

The specific objectives of this QCSEE combustor program were to define 
an advanced double annular dome combustor sized for use in the QCSEE configu- 
rations, based on the advanced combustor design technology developed in the 
NASA/GE ECCP, and to evaluate and test this design in sector combustor tests. 
The primary intents of those efforts were to evolve a design which meets the 
target CO and HC. emission levels at the idle operating conditions of the QCSEE 
configurations and also to meet the ground start, altitude relight, and other 
combustor performance requirements of these engines. 

The work effort of this QCSEE combustor program was initiated in May, 

1976 and was completed in March 1978. This report describes the low pollu- 
tion combustor concepts investigated and the test results obtained in this 
sector combustor technology program. In this program, data were obtained at 
test conditions simulating all important QCSEE operating modes from ignition 
to takeoff, including altitude windmilling. Due to facility limitations, the 
combustor test pressures used in these investigations were restricted to a 
maximum of 4 atmospheres. As a result of these efforts, a preferred QCSEE 
double annular dome combustor design was defined. This preferred combustor 
configuration is also described in this report. 
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3.0 PROGRAM GOALS AND PLANS 


3 . 1 PROGRAM ELEMENTS 


The QCSEE combustor technology development prog^^m was a multi-}*- a v 
effort, which was conducted as a part of the NASA QCSEE program. The primary 
objective of this program was to evolve advanced combustor design technology 
for providing significantly reduced pollutant exhaust emissions levels com- 
pared to those obtainable with current technology combustors, in the same 
size class as those required in the QCSEE configurations. This design tech- 
nology was to expand on the advanced combustor design technology for reduced 
pollutant exhaust emissions levels already evolved in the NASA/GE ECCP for 
larger size combustors. To meet the program objectives, the program was com- 
prised of six tasks including design, fabrication, and development testing 
efforts. The key elements of the program and the important milestones are 
shown in Figure 1. 


3.2 PROGRAM GOALS 


Pollutant Emissions Level Goals 


The specific pollutant emission goals of the QCSEE program are presented 
in Table I. As shown by comparing the goals with the status levels of the 
current QCSEE OTW configuration, when equipped with a current technology com- 
bustor, the attainment of tnese goals involves pollutant emission level re- 
ductions of nearly two to one for some categories. No quantitative program 
goals were established for N0 X or smoke for this program since the major 
emphasis was directed at reducing the CO and HC levels at idle. However, the 
original overall intent of the program was to demonstrate the attainment of 
significant N0 X level reductions as a direct consequence of the staged com- 
bustor design concept which was to be evolved in this program. The gaseous 
emission goals for this program are expressed in two ways: as emission indices 

at the engine operating mode where the peak levels of each emission are gen- 
erated, and as EPA parameters by which the gaseous emission standards are 
defined in Reference 2. 

The EPA parameter is a thrust-normalized measure of the total mass of 
pollutant emitted in a prescribed landing and takeoff, (LTO), cycle. The 
cycle conditions selected for the EPA-LTG definition were based on two QCSEE 
sea level static, standard day cy-le representations. The first was the 
QCSEE-OTW sea level static standard day cycle as defined in the technical 
requirements. The second was a composite cycle considered to be more repre- 
sentative of a modern high pressure ratio, high bypass turbofan. The QCSEE 
UTW and OTW engines both use the existing F101 core, resulting in low pres- 
sure ratio cycle designs. With the low combustor inlet temperatures and 
pressures associated with this low cycle pressure ratio, the N0 X emissions 
would not be expected to be a problem. Since the technology being developed 
was intended for higher pressure ratio engines, the development was carried 
out using the higher pressure ratio cycle. 
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Table II presents a comparison between this higher pressure ratio cycle 
and the QCSEE-OTW low pressure ratio cycle at conditions used in performing 
the EPA parameter calculations. The use of this higher pressure ratio double 
annular cycle did result in improved combustor inlet conditions at the QCSEE 
ground idle power settings of 4.5X of sea level takeoff thrust. Therefore, 
a set.'ing of 4.0Z was selected as more representative of ground idle for this 
doui> i o annular cycle. The higher combustor inlet temperatures and pressures 
associated with this double annular cycle result in higher NOj< emission 
levels t’.an would be expected with the low pressure ratio cycle. 

The emission goals shown in Table I are very challenging and require tin* 
development of advanced combustor design technology to obtain these very low 
emission levels. 


Umibus to r Pe rformance Goals 

Vlu key combustor performance goals are presented in Table III. Except 
for combustion efficiency levels at low engine power operating modes, the 
current conventional design QCSEE combustor already provides performance 
levels equal to or better than the goals. Thus, the major challenge of this 
program was to develop technology for advanced combustor designs with signif- 
icantly .educed pollution 1 eve l s without compromising performance character- 
istics. The current QCSEE OTW combustor configuration has a combustion effi- 
ciency goal ot 98.0 percent at the idle operating mode. The combustion effi- 
ciency goal at idle of this program was specified as 98.9 percent, to be con- 
sistent with tl -•scribed CO and HC emission level goals. 
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Table ll. QCSKE Double Annular Combustor Eng i no Cycle. 


k n % slto 
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UN 


K 


kg/hr 


Mode 

4.0 
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2 . 44 
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0.89 13 

Idle 

30 
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9.94 
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0.9875 
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0.9875 

Cl imb 
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40.5 
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24 . 2 
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0.9875 

Takeoff 



QOSEE OTW Engine 

Cye le 
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2.44 
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0.8913 
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30 
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17.0 
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Table 111. Combustor Performance Goals of the QCSEK Double Annular Dome 
Combustor Program. 



Operating Mode 

Program Goal 

Minimum Combustor Efficiency 

Idle 

98.9% 


SLTO 

99.5% 

Maximum Pressure Drop 

SLTO 

5.0% 

Altitude Relight 

Windmi 1 1 i ng 

Meet QCSEE Engine 
Relight Envelope 















4.0 DOUBLE ANNULAR DOME COMBUSTOR DESIGN 


The QCSEE OTW engine configuration currently uses the FlOi PFRT 
engine combustor while the UTW engine uses the F101 PV engine combustor. 

A cross-sectional drawing of the F101 PFRT combustor is shown in Figure 2. 
Relative to those of other turbofan engine combustors, the emission charac- 
teristics of this advanced combustor design are generally quite favorable. 
However, in the UTW and OTW engine applications, its CO and HC emission 
levels - in terms of the takeoff-landing mission cycle parameter used by 
the EPA to define aircraft emission standards - are well in excess of the 
prescribed standards because of the adverse combustor operating conditions 
that prevail in these engines at ground idle. These adverse idle operating 
conditions are associated with the comparat ivel y low cycle pressure ratios 
of the two QCSEE configurations. 

The emission levels of the UTW and OTW engines, when equipped with the 
existing FlOl PFRT engine combustor, are shown in Table IV. 

To meet the applicable CO and HC emissions standards as defined by the 
EPA for the QCSEE OTW configuration, emission indices at OTW ground idle 
operating conditions of about 28 and 5 grams per kilogram of fuel, respec- 
tively, are required. Based on the results of tests of both the F1G1 PFRT 
engine combustor and various CF6-50 engine combustors, the use of sectorized 
fuel staging at idle is known to result in significant CO and HC emission 
level reductions. However, even with the use of this operating technique at 
idle and other known beneficial engine operational methods at idle, the CO 
and HC emission levels of the two QCSEE configurations are somewhat higher 
than the objective values, based on combustor component tests (Reference 4). 

Based on theoretical considerations and the results of analytical 
studies carried out with the aid of General Electric models for predicting 
the CO and HC emission levels of combustors, there appears to be no funda- 
mental barrier to meeting the target CO and HC emission levels with the 
QCSEE combustor conventional configuration in spite of its compact and short 
length design - even at the somewhat adverse idle operating conditions of 
the two QCSEE configurations. 

These investigations have shown that the key guidelines lor obtaining 
low CO and HC emission levels, at idle operating conditions, are: 

• Provide fine fuel atomization and rapid mixing of the fuel 
and air within the dome swirl cups. 

• Eliminate all fuel streaking from the swirl cups and prevent 
fuel from impinging on the dome and cooling liner surfaces. 





Table IV. Summary of QCSEE Component Test Results with Conventional 
Combustor Compared to the EPA Standards. 


mm 


Constant Fan Pitch 

Constant Fan Speed 

Applicable 



Full 

With Sector 

Full 

With Sector 

EPA 



Burning 

Burning 

Burning 

Burning 

Standards 


CO* 

28.2 

17.5 

27.2 

16.6 

4.3 


HC* 

5.9 

1.3 

5.8 

1.2 

0.8 

UTW 

NO x * 

2.1 

2.1 

3.0 

3.0 

3.0 


SAE - SN 

31 

- 

31 

- 

24 


CO* 

23.0 

11.2 

- 

- 

4.3 


HC* 

5.3 

0.9 

- 

- 

0.8 

OTW 

NO x * 

2.8 

2.8 

- 

- 

3.0 


SAE - SN 

7 

- 

- 

- 

22 


*EPA Parameter: lb per 1000 lb Thrust - hr/Cycle 
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• Maintain swirl cup equivalence ratios near 1.0 to promote rapid 

HC consumption. If fuel quenching effects are successfully elimi- 
nated, this approach - base ^n theoretical considerations - 
should result in very low residual HC emission levels. 

• Rapidly dilute these near stoichiometric combustion gases, as dis- 
charged from the swirl cups, to a uniform primary combustion zone 
equivalence ratio in the range of 0.5 to 0.7. 

• Allow sufficient residence time, in the range of 1.0 to 1.5 milli- 
seconds, before these diluted primary zone combustion gases are 
further diluted. This latter guideline is based on analytically 
determined CO consumption rate data, obtained through the use of 
General Electric Analytical models developed to predict the CO 
emission characterist iscs of combustors. 

However, these investigations have also shown that the attainment of low 
N0 X emissions requires the use of lean and uniform fuel-air mixtures in the 
combustion zone at high engine power operating conditions. To meet this 
requirement, as well as the above described combustion zone conditions at 
idle operating conditions necessitates the use of some form of combustion 
process staging. A double annular dome combustor configuration incorporating 
a staged combustion approach has been developed in the NASA/GE ECCP for use 
in the CF6-50 engine. Based on the development efforts of this program, the 
Double Annular Dome combustor design concept was found to be a particularly 
promising design approach. With the preferred versions of this design approach, 
low pollutant emission levels which meet or closely approach the applicable EPA 
standards and otherwise acceptable performance characteristics have been 
obtained . 

The final development version of this advanced CF6-50 combustor configu- 
ration is shown in Figure 3. Generally excellent pollutant emissions and per- 
formance characteristics were obtained with this combustor configuration in 
demonstrator CF6-50 engine tests conducted as part of the NASA/GE ECCP. 

Based on these promising NASA/GE ECCP findings, the double annular dome 
combustor design concept was selected as the approach for obtaining the 
objective low emission levels in the QCSEE configurations and in possible 
future derivative QCSEE-type engines. Based on the NASA/GE ECCP results with 
the double annular dome CF6-50 combustor, it appears that the objective CO 
and HC emission levels should be attainable with a double annular dome QCSEE 
combustor, at the presently defined idle operating conditions of the QCSEE 
OTW engine, as shown in Table V. Also, NO x emissions levels well below the 
EPA standard should be obtainable with such an advanced combustor configuration 
at the operating conditions of the QCSEE UTW and OTW engines. Thus, N0 X 
emission levels, which meet the standards, would also be expected even with 
versions of the QCSEE UTW and OTW engines with somewhat higher cycle pressure 
rat io . 
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of QCSEE OTW and CF6-50 


rakeof f . 


OTW 


Eng i a 3 


CF6-50 Engine 


4! 5 
2.5 

0.0159 


429 

2.9 

0.011 


726 

17.0 

0.0309 


821 

29.8 

0.0231 








Because the core engine of the two QCSEE configurations is considerably 
smaller than that of the CF6-50 engine, a considerably smaller :ale version 
of the CF6-50 double annular dome combustor is required. The baseline design 
of the double annular dome QCSEE combustor is shown in Figure 4 and is a 
scaled-down version of the preferred CF6-50 combustor configuration, as evolved 
in the NASA/GE ECCP. A comparison of key aerodynamic design paraueters of 
the baseline QCSEE double annular dome combustor, the NASA/GE ECCP CF6-50 
double annular dome combustor , and the existing F101 PFRT engine combustor is 
presented in Table VI. As shown in this table, the combustor dome heights end 
the combustor airflow distribution of the baseline QCSEE double annular dome 
combustor design were similar to those of the preferred CF6-50 NASA/GE ECCP 
combustor configuration. This QCSEE configuration has been designed to fit 
within the existing outer combustor casing of the F101 core engine. However, 
a small change has been made in the inner casing contours. The inner casing 
diameter, aft of the step diffuser, has been decreased by up to about 0.4 inch. 

The general arrangement of the QCSEE double annular dome combustor design 
is shown in Figure 5. The combustor consists of a dome assembly, a cowl, and 
modified arrays of air swirlers (20 in each annulus for a full annular com- 
bustor) which are separated by a short centerbody. 
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Table VI. Comparison of Key Combustor Aerodynamic Design Parameters. 


Parameter 

Double-Annular 
Dome QCSEE 

Double-Annular 
Dome CF6-50 
(NASA ECCP D-8) 

F101 PFRT/ 
QCSEE 

Combustor Operating Conditions 

SLSTO of OTW 
Eng ine 

SLSTO of 
CF6-50 Engine 

SLSTO of 
OTW Engine 

Combustor Length (L c ), cm 

19.0 

33.3 

20.3 

Dome Height (Hp) , cm 

— 

— 

8.6 

Outer 

5.6 

5.6 

— 

Inner 

4.6 

5.3 

— 

Reference Velocity, m/ s 

16.5 

25.9 

17.1 

Dome Velocity, m/ s 

— 

— 

6.7 

Outer 

& . 1 

10.7 

— 

Inner 

19.8 

35.1 

— 

Outer Passage Velocity, m/s 

54.3 

42.4 

43.3 

Inner Passage Velocity, m/s 

54.3 

45.7 

43.3 

Space Rate 

8.2 

5.8 

9.0 

Combustor Airflow Distribution, %: 




Dome Total 

— 

-- 

34.3 

Dome Outer 

19.2 

17.0 

— 

Dome Inner 

41.8 

42.5 

— 

Centerbody 

4.2 

4.0 

— 

Liner Dilution 

16.8 

15.6 

37.1 

Liner Cooling 

18.0 

20.9 

28.6 


100.0 

100.0 

100.0 
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5.0 DOUBLE ANNULAR SECTOR COMBUSTOR TEST CONFIGURATIONS 


For the baseline combustor design, the pilot stage was located in the 
outer annulus. In subsequent development versions, the following six features 
of the baseline design were varied: 

1. C-nterbody geometry 

2. Airflow distribution 

3. Pilot stage annulus axial and radial location 

4. Air swirler geometry 

5. Dilution hole location 

6. Intermediate and high power fueling modes 

Key design features of each test configuration are illustrated in Figure 6. 

The combustor flow area/airflow distributions for each configuration are sum- 
marized in Table VII. 

Three different secondary swirler configurations were used in the pilot 
stage development. These configurations are shown in Figures 7 through 9. 

The key development feature was the introduction of the radial secondary 
swirler and a wide angle swirl cup sleeve insert plus the elimination of the 
mixing barrel in Configuration 12. The main stage swirl cup configurations 
are also shown in Figures 7 and 9. As with the pilot stage, the key develop- 
ment feature was the introduction of the radial secondary swirler. The fuel 
injector assemblies used are shown in Figure 10. Simplex pressure-atomizing 
fuel nozzles were used in both the pilot and main stage to obtain the excellent 
fuel atomization required at the very severe combustor inlet conditions at 
OCSEE OTW ground idle operation. A number of different fueling modes were 
investigated in the sector. The fueling modes explored are summarized in 
Table vIII. 

In addition to evaluating the emission levels of the double annular com- 
bustor, the altitude relight performance and combustor exit temperature pro- 
files were also evaluated. These tests wen; conducted in identical sector 
combustor test rigs. 
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Figure 6. Key Design Features of Test Configurations (Continued) 
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Figure 6. Key Design Features of Test Configurations (Continued) 
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Table VIII. QCSEE Double Annular Dome Sector Combustor Pilot and Main 
Stage Fueling Modes. 


QCSEE Design Cycle Operating Conditions 


Operating Condition 


Approach 


Cruise 


Takeoff 


Pilot Fuel 


Total Fuel 


Comments 

All 

configurations 


Baseline 

t, Mods. 15, 

17, 19, 31 

Mod. 

31 

Only 


Baseline 

!, Mods. 17, 

31 

Mod. 

31 

Only 


Mods 

. 17 

, 31 


Basel ine 

-, Mod. 17 


Mod . 

31 

Only 


Mod. 

31 

Only 


Mod. 

31 

Only 


Mod. 

31 

Only 


Mod. 

17 

Only 


Mod . 

31 

Only 


Mod. 

31 

Only 


Mod. 

17 

Only 


Mod. 

31 

Only 


Mod. 

.31 

Only 


Mod . 

31 

Only 


Mod. 

31 

Only 


Basel ine 

i, Mod. 17 


Baseline 


Basel ine 


Baseline 

















6.0 DEVELOPMENT TEST METHODS 


6.1 TEST RIG 


The QCSEE double annular dome combustor evaluations were conducted in a 
sector combustor test rig. This sector combustor test rig dupl ; ~ates the 
aerodynamic combustor flowpath and envelope dimensions of the Q . "5 engine 
configurations. The test rig consists of an inlet plenum chamh . t inlet 
diffuser section, a housing for the sector combustor, and an im u-entation 
section attached to the exit of the combustor housing. The test rig was de- 
signed to house a five-swirl cup 90* sector combustor operating at up to four 
atmospheres pressure and 700 K temperature combustor inlet conditions. A 
schematic illustration and photograph of the test rig are presented in 
Figures 11 and 12. 

The inlet plenum section of the test rig is attached to the test facility 
air supply. Inside of the inlet plenum, the flow is straightened by a single 
screen before it enters into a sector diffuser passage, simulating the com- 
pressor discharge of the QCSEE configurations. The diffuser section is a 
standard QCSEE diffuser design foi a conventional combustor design and does 
not necessarily represent a double annular diffuser design. The combustor 
housing section consists of a 90* sector of a standard QCSEE combustor casing. 
Fuel tubes from the five inner and outer annulus fuel injectors are led out of 
the casing through five equally spaced fuel injector ports. Fuel is supplied 
to all 10 injectors through a double fuel manifold system. One manifold sup- 
plies the inner annulus fuel injectors, and the other supplies the outer an- 
nulus fuel injectors. Each system can be operated independently. The instru- 
mentation section is equipped with installation ports to house fixed rake 
assemblies for obtaining measurements of combustor exit t empcraturees and pres 
sures. Gas samples for emissions measurements are also obtained with rakes 
mounted in these ports. 

The test rig instrumentation consists of various pressure probes and 
thermocouples, plus the fixed rake gas sampling system. Pressure measurements 
include the diffuser exit total and static pressures, to measure the sector 
combustor inlet pressures; dome upstream total and static pressures plus 
downstream static pressures, to measure the combustor dome pressure drops of 
both the in hc and outer annulus; and liner static pressures, to measure the 
inner and outer passage pressure losses. Total pressures at the sector com- 
bustor exit were measured by the prc v e located in the fixed rake gas samp- 
ling system. Temperature measurement.' included two diffuser exit air thermo- 
couples to measure the sector combustor inlet temperature, four outer liner, 
four inner liner, and two centerbdy skin thermocouples to measure combustor 
metal temperatures. Sector combustor exhaust temperatures were measured 
using five fixed chromel alumel thermocouple rakes in place of the gas samp- 
ling rakes. Each of these thermocouple rakes has five individual thermo- 
couples equally spaced at the leading edge of the rake. Several thermocouples 
were also located in the instrumentation section to measure the temperature of 
the erhaust gases entering the exhaust section of the facility to monitor the 
facility operation. 
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Sector combustar exhaust gas samples were obtained by extracting samples 
from the exhaust flow through four gas sampling rakes located in the instru- 
mentation section of the test rig as shown in Figure 13. Each rake has five 
sampling elements spaced along the leading edge of the rake. These rakes are 
stationary and the elements can be individually sampled or manifolded together 
to provide an average radial sample. All five sampling elements of each rake 
have quick-quenching probe tips. In this rake design, both water cooling of 
the rake body and steam heating of the sampling lines within the rake are used. 
A photograph of one of these type of rakes is shown in Figure 14. A schematic 
of a typical rake sampling element is presented in Figure 13. The tips of each 
of the sampling elements were designed to quench the chemical reactions of the 
extracted gas sample as soon as the sample enters the rake. The quenching is 
necessary to eliminate the possibility of further chemical reactions within 
the sampling lines. Water cooling of the rake body is necessary to maintain 
mechanical integrity associated with the high temperature environment created 
by the combustion exhaust gases. Steam heating of the sampling lines within 
the rakes is necessary to prevent the condensation of hydrocarbon compounds and 
water vapor within the sampling lines. An illustration of t,he locations of 
the various instrumentation within the test rig is presented in Figure 16. 


6.2 TLST FACILITIES 

All emissions and exit temperature profile development tests of the QCSEE 
double annular dome sector combustor were performed in the Advanced Combustion 
Laboratory facility located at the General Electric Evendale Plant. This 
facility, shown in Figure 17, is equipped with the inlet ducting, exhaust 
ducting, controls, and instrumentation necessary for conducting sector combus- 
tor tests. The range of operating conditions obtainable in this facility is 
limited because c e the airflow and heater capacity currently available. Air- 
flow levels up to 2.8 kg/s can be supplied to the facility from a large com- 
pressor, plus an additional 1.8 kg/s can be supplied by the shop air system. 
Combustor inlet air temperatures above ambient are obtained using the facility 
liquid fueled, shop-air-supplied indirect-air preheater. The preheater has 
the capability to heat 1.33 kg/s airflow to 700 K. The Jet A fuel used in all 
of the QCSEE double annular dome combustor tests was supplied to the sectot 
combustor test rig by a pipeline from storage tanks located adjacent to the 
facility. Inst rument at ion cooling and exhaust gas quenching was accomplished 
using the facility domestic water supply with pressure boost where necessary. 

A portion of the altitude ignition evaluations was performed in the 
Advanced Combustion Laboratory facility due to a lack of availability of the 
Altitude Test facility normally used for this purpose. Simulated altitude 
conditions can be achieved in this facility using the steam ejector exhaust 
system. This system gives the facility the capability to reduce test rig 
pressures to 0.30 atmospheres. However, the facility does not have cold air 
or cold fuel capability. Thus, the altitude ignition testing performed in 
this facility was conducted at ambient air and fuel temperatures. 
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Test conditions were monitored using the facility equipped instrumenta- 
tion. Airflows were monitored by manometer readings of pressure drops across 
standard ASME thin-plate orifice meters in the air supply lines. Fuel flows 
were metered by turbine-type flowmeters whose signals are input to electronic 
frequency meters. Test rig pressures were also monitored by manometer readings. 
Test rig temperatures were indicated by self-balancing potentiometer recording 
instruments. All configurations tested in this facility were installed and 
operated by skilled laboratory technicians under the direct supervision of 
Engineering . 

To measure emissions, the facility is equipped with a CAROL (£ontaminents 
Are jlead On Line) gas analysis system. This system consists of the following 
instruments : 

• Beckman Model 402 Total Hydrocarbon Analyzer (Flame Ionization 
Detector) . 

s Beckman Model 315-A Carbon Monoxide and Carbon Dioxide Analyzer 
(NDIR) . 

s Beckman Model 915 NO Analyzer (Chemiluminescence with converter, 
trap required) . 

Extracted exhaust gas samples were transmitted into this analysis equipment 
and the measured emissions levels were recorded on strip charts. An adequate 
supply of bottled calibration gases for the CAROL system was maintained 
throughout the emissions testing. A qualified technician calibrated and 
operated the CAROL system throughout the duration of data acquisition for each 
emissions test. 

Additional testing was performed in another test facility. Specifically, 
most of the altitude ignition evaluations were performed in the Altitude Igni- 
tion facility located at General Electric's Evendale Plant. This facility, 
shown in Figure 18, is designed to accommodate sector combustors operating at 
reduced pressures, and reduced air and fuel temperatures simulating altitude 
conditions. This facility has an airflow capacity of 18 kg/s with the capa- 
bility of achieving test rig conditions of 0.10 atmosphere at 219 K with 
0.45 kg/s airflow. The facility also has a fuel temperature capability down 
to 244 K. 

Test conditions were monitored in this facility using similar instrumen- 
tation to that used in the Combustion Laboratory facility. Thermocouples 
(Chromel Alumel) located directly downstream of the swirl cups were used for 
indicating ignition. All test configurations evaluated in this facility 
were installed and operated by qualified technicians under Engineering super- 
vision. 

In addition to the above-described development testing, various pilot and 
main stage swirl cups designs were evaluated as part of the emissions develop- 
ment testing of the QCSEE double annular sector combustor. These swirl cup 
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designs evolved from extensive investigations in the Fuel Spray Visualisation 
Test Facility shown in Figure 19. Tests were performed in this facility to 
provide a definition of swirl cup performance characteristics such as spray 
angle, droplet size and distribution, and spray uniformity. The facility 
simulates engine operating conditions at ambient temperatures and pressures 
by maintaining the proper relationships between air and fuel flows. 

In this facility, a single swirl cup of a selected design, is mounted in 
a small plenum and positioned above a transparent fuel collection chamber. A 
metered flow of shop air and fuel simulation fluid ie supplied to the plenum. 
Fuel spray issuing from the swirl cup is visually observed and photographed 
against a black background. A flash tube attached to and coordinated with a 
camera shutter is used for illumination of the fuel spray. The photographs of 
the fue 1 spray are used for comparative purposes in evaluating the swirl cups 
tested and selecting designs for evaluation in the sector combustor tests. 


6.1 TEST PROCEDURES 


Sector Combustor Emission Tests 


The double annular dome sector combustor test conditions selected repre- 
sented actual as well as simulated operating conditions for the selected 
double annular cycle in addition to test conditions which represented the cur- 
rent QCSEE OTW in design cycle. However, the most important test points 
selected for evaluation were the QCSEE OTW standard day idle and a simulated 
sea level takeoff for the high pressure ratio design cycle since these opera- 
ting conditions have the greatest impact on the program emissions goals. 

Other test points of particular interest were the EPA defined approach (301 
power) and climbout (85% power) operating modes, and standard day cruise 
conditions. A summary of the combustor operating conditions tested to evalu- 
ate the selected engine cycle conditions is summarized in Table IX. 

Combustor inlet temperature, pressure, and reference velocity of the 
QCSEE configurations were exactly duplicated for ground idle conditions. 
However, at the higher power conditions, the inlet temperatures, pressures, 
and airflows were reduced to be consistent with the facility limits. The 
airflow rates and fuel flow rates of Table IX were adjusted from the actual 
cycle conditions to simulate the true combustor reference velocity and fuel-air 
ratios. At many test conditions, data were obtained over a range of combustor 
fuel-air ratios. At some fuel-air ratios, the effect of varying the fuel 
flow splits between combustor stages was also examined. 

Test points were usually run in the order of increasing combustor irlet 
temperatuie for safety considerations and to expedite testing. The majority 
of testing was conducted at low power settings. First, the fixed combustor 
instrumentation was recorded, and then the combustcr exit plane detailed 
pollutant emission data were recorded. The normal test procedure was to ob- 
tain emission data from all the sampling probes simultaneously at the com- 
bustor exit plane. At test points of particular interest, however, individual 
samples from each gas sampling rake were obtained. 
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Table IX. Proposed QCSF.E Double Annular Combustor Baseline Emissions Test Plan. 
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Sector Combustor Ground Start Tests 


In addition to elevated pressure tests, the ground start ignition charac- 
teristics of several configurations were also evaluated. To determine the 
sea level ignition characteristics, the combustor was operated at atmospheric 
conditions. Successful ignition was indicated by a thermocouple at the 
combustor exit plane. The initial tests were conducted with a hydrogen torch 
to determine the ignition capability fo the design. In these tests, only the 
lean stability is considered of significance. A combustor airflow within the 
range of starting airflows of QCSEE was set with ambient temperature inlet 
air. The fuel flow was slowly increased and ignition attempted. The fuel 
flow was recorded where at least one cup was lit. Sufficient fuel was supplied 
to assure all cups were lit then the fuel flow was decreased and the conditions 
where lean extinction occurred were recorded. This process was repeated several 
times until sufficient data repeatability was achieved. A second, third, and 
sometimes, fourth combustor airflow was then set and the entire procedure was 
repeated . 


Sector Combustor Altitude Relight Tests 

The altitude relight test procedures consisted of determining combustor 
ignition and blowout limits over a range of test conditions selected from the 
CFM55 engine altitude windmilling map, shown in Figure 20. Windmilling charac- 
teristics for the QCSEE configuration were not available, therefore, CFM56 
windmilling characteristics were considered to provide the best approximation 
for the expected QCSEE windmilling characteristics. Some of the tests were 
conducted with ambient temperature fuel and inlet air. The more promising 
sector combustor configurations were then evaluated with both cold air and 
fuel. Ignition attempts were usually made at the engine minimum fuel flow 
rate of 136.2 Icg/hr. When the ignition attempt was unsuccessful, the process 
was repeated at higher fuel flow rates. When the attempt was successful, 
pressure extinction and lean extinction limits were measured. The procedure 
was then repeated at progressively more severe simulated windmilling condi- 
tions to map the relight capabilities of three selected configurations. 


Sector Combustor Profile and Pattern Factor Tests 


As part of the final evaluation of the preferred sector combustor con- 
figuration, a series of combustor exit temperature surveys were conducted. 
These exit temperature surveys were obtained with five multielement thermo- 
couple rakes located in fixed positions at the exit plane of the combustor, 
as shown in Figure 21. Test conditions were set to simulate operation at 
idle and approach with only the pilot stage fueled. For the preferred sector 
combustor configuration, the pilot stage was located on the inner dome 
annulus. Sea level takeoff combustor inlet conditions were simulated with 
both stages fueled. The measured temperatures from the individual thermo- 
couple elements were recorded for various fuel-air ratios and pilot-to-total 
fuel flow ratios. Based on the measured values of the thermocouples, cor- 
rected for radiation losses, a pattern factor and profile factor were calcu- 
lated . 
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Single Swirl Cup Tettta 


Individual swirl cup tests were conducted in parallel with the sector 
combustor development tests to evaluate and develop the? fuel spray charac- 
teristics. these tests were conducted at conditions corresponding to ambient 
combustor inlet conditions using a calibration fluid (MIL-F-7044II) which has 
properties very similar to Jet A. In these tests the pressure drop across the 
swirl cup was duplicated for conditions corresponding to a range of combustor 
operation from ground idle to sea level takeoff. At each test condition the 
fuel flow was varied to duplicate fuel-to-nir momentum ratios and the swirl 
cup fuel-air ratios evaluated in the sector combustor tests and the fuel spray 
was visually observed as well as recorded on photographs. 


6.4 DATA ANALYSIS PROCEDURES 


Performance Data 

Sector combustor performance data were obtained from the test rig pres- 
sure and temperature instrumentation. Data from this instrumentation along 
with the measured emissions data was input into a data reduction computer 
program, "CAROLB". This program reduced the instrumentation data to the com- 
bustor performance parameters of interest. A summary of these parameters are 
shown in Table X; the method by which they were measured or calculated is also 
shown in this table. Values for the performance parameters along with the 
appropriate emissions levels are tabulated in Appendix k for each sector com- 
bustor test run. Air and fuel flows have been converted to equivalent annular 
combustor levels by multiplying the sector levels by four (4). 

Sector combustor airflow distributions were calculated for each test 
configuration based on the measured combusLor pressure instrumentation data, 
and known sector combustor effective flow areas. The pressure data was input 
into a computer program, "QCSKKl", which performed the airflow distribution 
calculations. These calculated airflow distributions were instrumental in 
determining what see tor combustor conf igurat ion changes were necessary to 
obtain the reduced emission levels. A sample of the output from this program 
is shown in Figure 22. Airflow distributions calculated for all of the sec- 
tor combustor tost configurations were shown previously in Table VII. 


Emiss io n Data 

Reduction of the emission data was accomplished using two data reduction 
programs, "CALIB" and "CAROLS". At the beginning of each test run, a cali- 
bration of the CAROL gas sample analysis system was performed by the operator. 
Data from this calibration in the form of indicated instrument readings for 
specified pollutant concentrations in parts per million, tor in the case of 
COt, percent of total constituents), were input into the program "CALIB" 
which performed a curve fit of the calibration data and generated an output 
file containing the results. During a test, the measured emissions data were 
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figure 22. Sample Output from Data Reduction TUxittoe QC8ES 1. 
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recorded on chart recorders contained within the CAROL system. The emissions 
data were also recorded on test log sheets. Following the completion o£ each 
test run, the emissions data along with the sector combustor performance data 
were input into program "CAROLS". By accessing the calibration file generated 
by program "CALIB”, the reduction of the raw emissions data to emissions in- 
dices was performed by program "CAROLB" . The equations used in these calcu- 
lations were basically those contained in SAE ARP 1256 (Reference 5). In 
these calculations, the CO and CO 2 concentrations were corrected for the 
removal of water from the sample prior to its analysis. A fuel hydrogen-to- 
carbon atom ratio of 1.92, representing the Jet A fuel, was used in these 
calculations. Calculated combustion efficiency, sample fuel-air ratio, and an 
overall emission index were also obtained from the data reduction through 
program "CAROLB". The overall emission index represents a weighted average of 
the values obtained from each individual gas sampling rake, and is defined as 
follows : 


N 

Elj (Overall) = £ (EI;)i * (F/A Sampled^ 

i=l 

N 

Y. (F/A Sampled) £ 
i*l 

The (j) subscript refers to the identity of the emissions, (CO, HC, or 
N0 X ) , and the (i) subscript refers to the individual rakes where (N) repre- 
sents the total number of gas sampling rakes. Expressing the average of the 
emissions in this form reduces the influence of very lean combustion zones 
within the combustor where the concentrations of gaseous pollutants is low, 
which may result in calculated emissions indices that are quite high. These 
weighted average emissions values are presented in the numerous data tables 
and figures throughout this report. A sample of the outputs from programs 
"CALIB" and "CAROLB" are shown in Figures 23 and 24. 

Because the sector combustor inlet pressure and airflow were derated at 
the simulated high power operating conditions, the measured emissions levels 
were adjusted to the actual engine cycle condition using the adjustment re- 
lations defined in Appendix B. These high power adjusted emissions levels are 
also tabulated in the tables contained in Appendix A for all configurations 
tested at higher power operating conditions. 
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7.0 DEVELOPMENT TEST RESULTS 


7.1 EXHAUST EMISSION RESULTS 


The exhaust emission results obtained for the QCSEE double annular dome 
sector combustor were generally categorized into four major configuration 
groups: (1) the baseline series with the pilot stage in the outer annulus, 

(2) the pilot stage in the inner annulus series, (3) a redesigned pilot stage 
series, and (4) a redesigned mainstage series. Since high power emissions 
were investigated for only a limited number of the 32 configurations evalu- 
ated, the results at high power conditions will be discussed separately from 
the idle emission results. These 32 sector combustor configurations evalu- 
ated were shown previously in Figure 6. 


Idle (CO and HC) Emissions 


The baseline sector combustor configuration featured axial primary and 
secondary swirl cup assemblies in both the pilot and main stages. These 
versions of the pilot stage swirl cup design also featured a radial tertiary 
swirler. These swirler cup designs are shown schematically in Figure 25. 

The pilot stage was located in the outer dome annulus and the main stage was 
located in the inner dome annulus. Evaluation of the baseline configuration 
revealed that the measured CO and HC emission levels at the QCSEE OTW idle 
condition exceeded the target levels required to meet the program goals for 
these two emissions categories. The target levels required for the CO and 
HC emissions had previously been determined to be 28 g/kg fuel and 5 g/kg 
fuel, respectively, at 4% of sea level takeoff thrust at ground idle. Dilu- 
tion and other minor airflow distribution changes were incorporated in modi- 
fications 1 and 2 to reduce the main stage quenching effects on the pilot 
stage at ground idle, believed to be the primary contributor to the high CO 
and HC emission levels. However, neither of these modifications produced 
any significant improvement in the measured emission levels. The next 
modifications to the baseline design, ratifications 3 and 4, were designed 
to investigate a modified pilot stage jirl cup assembly featuring an axial 
primary swirler, radial secondary swirler, and wide angle (90°), conical 
sleeve insert- Results from these tests showed some reductions in both the 
CO and HC emission levels. However, the levels were still well above the 
program goals as shown in Figure 26. The next series of modifications, 5 
through 10 and 14, investigated the effects of increasing the pilot stage 
length. This configuration change was accomplished by lengthening the 
centerbody in addition to moving the pilot stage dome assembly forward. 

The increased pilot stage length was designed to increase the primary reac- 
tion zone residence time to delay the quenching effects from the cool un- 
fueled mainstage air. In addition to the pilot stage length increase, 
several dilution and cooling airflow modifications were incorporated. With 
the introduction of these modifications, some moderate reductions in CO and 
HC emission levels were obtained. The major reductions obtained for the CO 
and HC emission levels were attributed to the extended pilot stage length. 
The results for this test series are shown in Figure 27. 

56 


- rrr r* r~i 






iry Sw 
132X3-' 
3213-i 


Xentur 


I9P01 





•a. . 


















In the next major configuration change, the pilot stage was relocated in 
the inner annulus dome, and the main stage in the outer arnulus dome. The 
purpose of locating the pilot stage in the inner annulus dome was to decrease 
the spacing between the pilot stage swirl cups and, therefore, reduce the 
quenching from colder unfueled zones between cups. The initial configuration, 
11, resulted in measured CO emission levels slightly higher than for a similar 
configuration, 5, where the pilot stage was located in the outer annulus dome. 
However, the HC emission levels were significantly lower. To further improve 
the fuel and air mixing in the pilot stage, another pilot stage swirl cup 
design was developed which had increased airflow in the radial secondary 
swirler. This swirl cup des'gn, investigated in modification 12, demon- 
strated some moderate reductions in the CO emission levels. However, using 
this swirl cup design in conjunction with additional modifications of reduced 
pilot stage dome cooling plus modifications to the pilot and mainstage dilu- 
tion holes, significantly reduced CO and HC emission levels as shown in 
Figure 28. Further variation of dilution hole sizes and locations were 
evaluated in Configurations 15 through 24, with the pilot and main stage 
dome configurations unchanged from Configuration 13. These dilution hole 
evaluations identified two configurations of particular interest, 17 and 23. 
Configuration 17 achieved a minimum CO emission level approaching the program 
target level but at a metered fuel-air ratio of 0.0G9. However, at the QCSEE 
double annular design cycle idle fuel-air ratio of 0.016 at 4Z of sea level 
takeoff thrust at idle the CO level was 180 g/kg fuel, well above the target 
level. The dilution variations following Configuration 17 were directed at 
shifting the minimum CO emissions level demonstrated in Configuration 17 to 
more nearly approach the QCSEE double annular design cycle idle fuel-air 
ratio. The moot promising of these dilution modifications tested was Con- 
figuration 23 with a CO emission level of 93 g/kg fuel at the design cycle 
idle fuel-air ratio of 0.016. However, the minimum CO emission level only 
shifted to a fuel-air ratio of 0.011. Satisfactory HC emissions were demon- 
strated on both Configurations 17 and 23. These results are shown in Figure 
29. 


Hie next series of modifications investigated the emissions characteris- 
tics of a completely redesigned pilot stage swirl cup. The results of the 
dilution variations in Configurations 15 through 24 had demonstrated that 
to achieve the minimum CO emission levels at the design cycle fuel-air ratio, 
a leaner pilot stage swirl cup was required. This improved swirl cup design 
featured a higher flow radial primary swirler, higher flow radial secondary 
swirler, and a wide angle sleeve at the swirl cup exit. The pilot stage 
length was increased 0.50 inch by moving the inner annulus pilot dome assem- 
bly forward in a similar fashion as had been done on the outer annulus pilot 
dome configuration. A new centerbody was designed that featured a compound 
conical angle to provide a ficwpath contour which would not restrict the 
inner annulus pilot stage airflow. The series of testa conducted to evaluate 
this modified pilot stage (.Configurations 25 through 29) denonstrated further 
reductions in the CO and KC emission levels at the design _yc le fuel-air ratio 
at the QCSFE ground idle conditions. The CO emission results obtained for 
Configuration 29 were slightly above the target goals at the design cycle 
idle fuel-air ratio. An illustration of the results obtained including those 
for Configuration 29 is shown in Figure 30. 
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The next series of sector combustor modifications was directed at 
improving the main stage performance by modifying the main stage swirl cup. 

A new swirl cup design featuring an axial primary, axial secondary, and 
radial tertiary swirler was selected as the preferred configuration. The 
swirl cup also featured a wide angle (90*), conical sleeve insert at the 
swirl cup exit similar to that featured in the pilot stage. Coupled with 
this swirl cup modification, additional main stage dilution air was intro- 
duced. The purpose of these changes was to obtain high combustion efficiency 
and low N0 X emission levels at high power operating conditions in the main 
stage without affecting the very desirable CO and HC emission characteristics 
already demonstrated with the pilot stage configuration at idle. 

Two configurations were evaluated, 30 and 31. In Configuration 31 a 
minor outer liner cooling modification was introduced to readjust the flow 
distribution to more closely duplicate the pilot stage airflow distribu- 
tions of Configuration 29. Idle emissions testing for Configuration 31 
was conducted following several tests run at simulated high power operating 
conditions. The results showed a slight deterioration in the CO emission 
level at idle compared to the results obtained with Configuration 29. An 
investigation of the sector combustor airflow distribution revealed that due 
to the extensive test time at the high power conditions, significant flow 
area increases had developed at the mechanical joints of the sector com- 
bustor which produced pilot stage airflows different than the designed 
levels. Further analysis indicated that the observed increase in the CO 
emission levels could be accounted for by the off-design distribution of 
the airflow. Therefore, it was decided that the idle emissions of this 
final configuration were accurately represented by the CO emission levels 
obtained with Configuration 29, as shown in Figure 30. 


High Power Emissions (N0 X ) 


because of the large number of test configurations involved in developing 
the idle omissions to meet the program goals, emissions tests at simulated 
high power operating conditions were conducted for only the baseline. Configu- 
ration 17, and Configuration 31 sector combustor configurations. With the 
original main stage design in both the baseline and Configuration 17, poor 
combustion efficiency w^s observed at all pi lot-to-tota 1 fuel flow ratios 
evaluated at the high power conditions. The efficiency decreased as the 
pi lot-to-main stage fuel splits were reduced indicating that the source of 
the poor combustion efficiency was due to the main stage performance. The 
redesigned main stage swirl cup featured in Configuration 31 demonstrated a 
significant improvement in combustion efficiency in addition to providing 
very low N0 X emission levels when adjusted to actual high power operation 
conditions. Based on the adjusted values at the preferred pilot to main 
stage fuel split, N0 X emissions would satisfy the program goals. The N0 X 
emission results for the configurations tested at high power conditions are 
shown in Figure 31. The adjusted CO, HC, and NO x emission levels, plus the 
measured combustion efficiency obtained with this final sector combustor con- 
figur cion along the design cycle operating line, are shown in Figures 32 and 
33. 


(>l 


ency 




















7.2 


ALTITUDE IGNITION RESULTS 


Altitude ignition testing was conducted to evaluate the pilot stage 
ignition characteristics of two key sector combustor designs of the 32 con- 
figurations investigated during the emissions reduction phase of this program. 
The two configurations tested were 17 and 31. These configurations were 
evaluated for altitude ignition performance because their pilot stage con- 
figurations exhibited considerable promise of meeting the CO and HC emissions 
target goals during the emissions reduction test phase. 

To determine if acceptable altitude ignition characteristics could be 
obtained with the Configuration 17 sector combustor design, altitude igni- 
tion performance testing of this configuration was conducted in the Small 
Scale Combustor Altitude Ignition Test Facility. Jet A fuel was used 
throughout the altitude ignition testing and was supplied at cold tempera- 
tures when required. Combustor inlet conditions were set to simulate CFM56 
windmilling conditions at selected points of the QCSEE relight envelope. A 
listing of the test conditions is provided in Table XI. The ignition system 
was the standard QCSEE ignition system: P/N 9101M52 exciter, P/N 4013131-400 

ignitor lead, and P/N 4013163-853 spark ignitor plug. This ignition system 
is rated at 2 joules minimum output energy with a firing rate of two sparks 
per second. The ignitor plug was positioned through the inner liner of the 
sector combustor directly inline and just downstream of the center swirl cup 
in the inner annulus pilot stage dome. Ignition was determined by monitoring 
thermocouples located just downstream of each of the center three swirl cups 
of the five-cup double annular sector combustor. 

Test data were obtained for ignition and lean extinction at the pre- 
scribed altitude and Mach number, plus pressure extinction data were obtained 
at constant combustor air and fuel flows. Results of the altitude ignition 
testing of Configuration 17 indicated good relight characteristics at all 
regions of the relight envelope investigated. Of all the test conditions 
evaluated, failure to obtain ignition occurred at only one condition corre- 
sponding to an altitude of 9100 meters at an inlet Mach number of 0.67. Un- 
stable ignition was encountered at a condition representing an altitude of 
7600 meters at an inlet Mach number of 0.70. However, some of the success- 
ful ignition attempts did occur at combustor fuel flows greater than the 
136.2 kg/hr minimum flow rate set by the engine fuel control system at alti- 
tude relight conditions. A summary of the ignition, lean, and pressure 
extinction results are shown in Table XII. 

Altitude ignition testing of sector combustor Configuration 31 was 
conducted in the Advanced Combustion Laboratory Facility at reduced pres- 
sures, but at ambient air and fuel temperatures. A full test schedule 
involving other development programs prohibited the use ot the cold air 
facility for testing this configuration. The ignition system and ignitor 
location were identical to tee Configuration 17 test. Test conditions 
representing the same points within the relight envelope as were tested 
with Configuration 17 were adjusted to reflect the ambient combustor inlet 
temperature. A listing of these test conditions is provided in Table XIII. 
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Table XI. OCSEE Double Annular Dome Altitude Ignition Test Points 
for Configuration 17. 


• Poll Annular Conditions 

• Bldg. 301 Coabustion Lab. 

• Jet A FueJ at Prescribed Conditions 

• v ref = WcP T 3 /P 3 A re f 


Point 


Alt. 

JcM 

Mach 

So. 

Pa 

Atm. 

0 

0.30 

1.02 

3.66 

0.30 

0.66 

6.10 

0.36 

0.46 

7.62 

0.40 

0.37 

9.14 

0.55 

0.32 

6.10 

0.45 

0.48 

7.62 

0.50 

O.38 

3.05 

0.41 

0.71 

4.57 

0.45 

0.59 

9.14 

O.67 

0.34 

^.57 

0.60 

0.61 

6.10 

0.60 

0.50 

7.62 

0.70 

0.41 

6.10 

0.80 

0.56 


s 


0.76 

0.54 

0.47 

0.44 

0.61 

0.72 

0.67 

0.92 

0.84 

0.8l 

1.32 

1.07 

1.07 

1.65 


T fuel 

K 


Amt. 

256 

249 

244 

244 

256 

246 
Amb. 
Amt. 

247 
Amb. 
Amb. 
256 
Amb. 


3.00 

2.93 

3.44 

3.90 
6.22 
5.24 
5-91 

4.91 
5.27 

8.08 
8.20 
7.80 
9.48 

11.40 


rttm. -K 


S 


100.0 

56.7 

J 

22.9 

12.4 

23.5 

15.8 

40.2 

30.1 

10.4 

20.8 

17.2 

11.4 
14.1 


163.2 

177. 

260.0 

340.8 

872.1 

576.0 

764.7 

466.8 
545.3 

1401.9 

1306.4 

1227.3 

1791.2 

2491.6 




















c 


Table XII. Configuration 17 Relight Test Summary 



Hj 

Mach 

No. 

t 3 

K 

w 

"c 

kg/s 

P T3 

Atm. 

A P/P 

V Re f 

M/S 


L/0 

kg/hr 

LBO 

kg/hr 

PBO 

Atm. 

^Fuel 

K 

0 

0.30 

310.0 

0.7619 

1.0200 

0.005 

3.169 

173.0 

130 

93 

— 

306 

3.0 

0.41 

278.9 

0.9252 

0.7077 

0 008 

4.968 

476.7 

149 

114 

0.6260 

303 

3.7 

0.30 

265.0 

0.5442 

0.6668 

0.005 

2.956 

176.5 

103 

87 

0.5988 

254 

4.6 

0.45 

267.8 

0.8526 

0.6192 

0.016 

5.029 

507.7 

134 

123 

0.5784 

288 

4.6 

0.60 

277.8 

1.3240 

0.6124 

0.021 

8.199 

1298.5 

158 

132 

0.5852 

304 

6.1 

0.36 

247.8 

0. ,*17 

0.4627 

0.009 

3.444 

257.5 

114 

89 

0.6124 

250 

6.1 

0.45 

255.0 

0.7256 

0.4763 

0.014 

5.273 

591.8 

131 

112 

0.5648 

256 

6.1 

0.60 

270.0 

1.0700 

0.5035 

0.020 

7.833 

1219.4 

160* 

129 

0.6124 

304 

6.1 

0.80 

258.3 

1.6500 

0.5648 

0.043 

11.490 

2204.5 

149 

122 

0.5444 

306 

7.6 

0.40 

241.1 

0.4535 

0.3743 

0.011 

3.992 

353.9 

141 

121 

0.6737 

246 

7.6 

0.50 

247.2 

0.6712 

0.3743 

0.032 

6.035 

794.9 

171 

102 

0.6260 

246 

7.6 

0.70 

263.3 

1.0700 

0.4083 

0.048 

9.418 

1808.3 

196* 

— 

— 

254 

9.1 

0.55 

241.7 

0.6168 

0.3198 

0.023 

6.339 

899.1 

161 

136 

0.6805 

244 

9.1 

0.67 

246.1 

0.8163 

0.3402 

0.049 

8.107 

1416.9 

1 

i 

i 

i 

i 

i 

! 

i 

248 


*Note: Unstable Ignition 




























Table XIII. OCSEF. Double Annular Dome Altitude Ignition Test Points 
Configuration 31. 


• Foul Annular Conditions 

• Bids. 506 Combustion Lab. 

• Jet A Fuel at Ambient Temperature 

• v ref = W c* * 3/^3 ^ref 



Alt. 

Mach 

Ho. 

*3 

AtAi 

'Tl 

X 

f 

y/c 

W-. 

*4t/s 

rj -3 

’'ref 

Atm.-K 

y <c 

( F7 ) Ta 
f ^ w 

a/i _ 

Atm. 

1 

0 

0.50 

1.02 

285 

2.85 

0.78 

99.5 

165.5 

2 

5.66 

0.50 

0.66 


5.01 

0.55 

62.1 

182.5 

7 

y 

6.10 

0.56 

0.46 


5.56 

0.44 

56.6 

422.8 

4 

7.62 

0.40 

0.57 


4.20 

0.42 

25.2 

564.7 

5 

5.14 

0.55 

0.52 


6.64 

0.56 

15.5 

866.7 

6 

6.10 

0.45 

0.43 


5.48 

0.69 

24.5 

584.8 

7 

7.62 

0.50 

0.58 


6.50 

0.65 

17.1 

777.9 

% 

r .05 

0.41 

0.71 


-* • ^4 

0*^1 

41.5 

464.5 

9 

4.57 

0.45 

0.55 


5.55 

0.85 

50.7 

560.1 

10 

5.14 

0.67 

0.54 


8.56 

0.76 

11.1 

1414.0 

11 

4.57 

0.60 

0.61 


8.15 

1.52 

21.1 

1525.2 

12 

6.10 

0.60 

0.50 


7.92 

1.05 

17.9 

1246.0 

15 

7.62 

0.70 

0.41 


9.75 

1.05 

11.8 

1856.1 

14 

6.10 

0.80 

0.56 


11.18 

1.66 

14.2 

2486.7 



Test results obtained in the altitude ignition evaluation of Configura- 
tion 31 indicated good ignition characer i st ics over the portions of the 
relight envelope tested. Ignition was observed at all test points. However, 
at two conditions, (9100 meters at 0.55 inlet Mach number and 7600 meters at 
0.709 inlet Mach number), unstable ignition occurred . A summary of these test 
results is provided in Table XIV. Illustrations and comparisons of these 
results witli those of Configuration 17 are shown in Figure 34. This figure 
indicates that both sector combustor configurations demonstrated similar 
altitude ignition characteristics. Lean extinction characteristics at alti- 
tude of Configuration 31 were somewhat improved over those of Configuration 
17. This result is explained by the superior air and fuel mixing characteris- 
tics of the Configuration 31 pilot stage swirl cup design as compared with 
the pilot stage swirl cup design featured in Configuration 17. 


7.3 GROUNJ START AND LEAN STABILITY RESULTS 


Ground start ignition and lean extinction test results were obtained 
for the pilot stage designs featured in the baseline, 17, and 31 sector com- 
bustor configurations. Ground start ignition testing was performed at ambient 
combustor inlet pressure and temperature using the same standard QCSEE igni- 
tion system '.hat was used for the altitude ignition testing. Lean extinction 
testing was also performed at ambient combustor inlet conditions with the 
exception of the baseline sector combustor configuration whicn was tested at 
ambient inle: temperature, but at an inlet pressure of 1.40 atmospheres. 

The results of the ground start ignition and lean extinction testing 
are shown in Figure 35. No ground start ignition testing was performed on 
the baseline configuration. As indicated in this figure, Configurations 17 
and 31 demonstrated similar ground start ignition characteristics. For 
both of these configurations, ground ignition fuel flow rates exceeded the 
QCSEE control main fuel minimum flow rate of 136 kg/hr at startup conditions 
above core speeds of 2000 rpm. The pilot stage design feature in Configura- 
tion 31 had a swirl cup design that provided a lean well-mixed combustion zone 
compared to the pilot stage featured in Configuration 17 which was much richer 
but not as well mixed. The improved quality of the Configuration 31 pilot 
stage swirl cup design appears to offset the leaner fuel stoichiometry pro- 
ducing ground start ignition results similar to the results obtained for 
Configuration 17. The lean extinction characteristics of Configuration 31 
are considerably improved over the lean extinction characteristics obtained 
for both the baseline and Configuration 17. For a fixed set of combustor 
inlet conditions, the Configuration 31 pilot stage remained burning at fuel 
flow rates 50% less than for the Configuration 17 pilot stage design. Also, 
shown in Figure 35 are the ground start ignition and lean extinction results 
for the NASA/GE ECCP final design configuration. The results for this CF6-50 
double annular configuration exhibit similar trends as the results demon- 
strated with the QCSEE Double Annular Sector Combustor configurations. 


72 



Table XIV. Configuration 31 Relight Test Summary. 


Alt. 

Mm 

Mach 

No. 

*3 

K 

W c 

kg/s 

Outer 

pt 3 

Atm . 

Inner 

PTj 

Atm. 

Outer 

AP/P 

Inner 

AP/P 

VRef 

m/s 

(W c /P 3 )2t 3 

— 

1-Cup 

L/0 

kg/hr 

Propa- 
gation 
L/0 
kg /hr 

LBO 

kg/hr 

PBO 

Atm. 

0 

0.30 

28b 

0.7129 

1.0210 

1.0190 

0.0031 

0.0029 

2.740 

140.4 

114.3 

132.4 

50 8 

0.5437 

3.0 

0.41 

286 

0.9542 

0.7186 

0.7152 

0.0096 

0.0098 

5.209 

504.3 

136.1 

168.7 

79.8 

0.5444 

3.7 

0.30 

288 

0.5551 

0.6682 

0.6648 

C . 0048 

0.0044 

3.270 

198.8 

108.8 

139.7 

'48.1 

0.4614 

4.6 

0.45 

288 

0.8816 

0.5886 

0.5866 

0.0138 

0.0130 

5.910 

646.1 

145.1 

172.3 

81.6 

0.4491 

4.6 

0.60 

283 

1 . 3090 

0.6117 

0.6117 

0.0257 

0.0245 

8.241 

1296.0 

145.1 

195.9 

139.7 

0.5784 

f>. 1 

0.36 

284 

0.4717 

0.4648 

0.4661 

0.0037 

0.0050 

3.944 

292.5 

117.9 

154.2 

'18.1 

0.3743 

6.1 

0.45 

286 

0.7492 

0.4811 

0.4777 

0.0194 

0.0165 

6.120 

693.6 

136.1 

157.8 

63.5 

0.3334 

6.1 

0.60 

282 

1.1220 

0.5117 

0.5131 

0.0235 

0.0239 

8.461 

1355.8 

136.1 

194.1 

63.5 

0.4614 

6.1 

0.80 

279 

1.1420 

0.5750 

0.5716 

0.0239 

0.0215 

7 613 

1100.5 

132.4 

172.3 

92.5 

0.5103 

7.6 

0.40 

288 

0.4354 

0. 381 1 

0.3845 

0 0026 

0.0051 

4.480 

375.9 

123.4 

152.4 

'18.1 

0.3062 

7.6 

0.50 

289 

0.6512 

0. 381 1 

0.3811 

0.0168 

0.0168 

6.730 

843.8 

143.3 

188.7 

'18.1 

0.3470 

7.6 

0.70 

284 

1.0720 

0.4042 

0.4042 

0.0383 

0.0377 

10.350 

1997.6 

157.8* 

— 

— 

— 

9.1 

0.55 

286 

0.5968 

0.3239 

0.3212 

0.0288 

0.0237 

7.2 7 5 

971.0 

137.9** 

— 

— 

— 

9.1 

0.67 

289 

0. 7728 

0.3341 

0.3314 

0.0309 

0.0302 

9.125 

1546.2 

136.1** 

— 


— 

• Fuel at 

• Note: 

Ambient Temperature (286.7 KJ 










Single cup in front of ignitor fired, however no propagation 

occurred. 






**Single cup in front of ignitor fired, however could not be 
Test Point 6.1 km at 0.80 was run at wrong airflow. Airflow 
1.142 k*/». 

maintained without ignitor assist, 
should have been 1.655 kg/s instead of 
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Figure 3-1. QCSEE Double Annular Sector Combustor Comparison of Altitude 
Ignition Characteristics of Configurations 17 and 31. 






Combustor Fuel Flow 




7.4 


SW1KI. ClIH FULL SPRAY TKST RESULTS 


Swirl cup fuel spr .iv i Scut* wi*r«* pci lorwd .hi (Ik* pilot stage 

and m.nn stage swiiI cupN designs («*J(ur<*<l in (Ik* haselii**, }, 2>, <nd JO 
sector combustor cont igurat ions. nn**i* testa were t umlu. <*d in the Fuel 
Laboratory Spray Vi sual izat ion Test Facility. 

Ihe baseline coni igurat ion featured pilot and um st age swirl cup 
designs with counterrotating axial primary and axial seconda-v swirlers. 

A photograph of this swirl cup hardware was shown previously in Figure IK. 
Results of the initial fuel spray vi sual izat ion tests of the baseline swirl 
cup designs indicated poor tael spray dispersion and aloaizat ion qualitv 
for the pilot stage swirl cup. A fuel spray included cone angle of approxi- 
mately 41* was observed. Surveys of the pilot stage swirl cup flow pattern 
with a tuft of yarn indicated very little rec irculat ion dvnutreas of the 
swirl cup exit. Hie main stage sw:rl cup demonst rat ed better atomization 
than did the pilot stage swirl cup dien tested at the same condit ions. The 
better atomizing character ist ics of the stain stage swirl cup were attributed 
to the highec airflows. However, observat ions indicated that still further 
improvement was needed. Tuft surveys dovnst ream of the secondary barrel of 
the main stage swirl cup revealed a very narrow rec i rcul at ion zone of con- 
siderable strength. The observed included fuel spray cone angle was approxi- 
mated 48*. A schematic ol the pilot and sum stage swirl cup designs along 
with the observed fuel spray results is shown in Figure l*». 

based on the findings of these tucl spray invest igat ions of the t»a sel inc 
sector combustor pilot stage swirl cup design, several minor modi f feat l»*ns 
were incorporated into the swirl cup design and subsequently evaluated for 
fuel spray characteri st ica. "Hub swirl cup development testing produced 
several swirl cup designs which exhibited i >n* iderable improvement in fuel 
spray dispersion and atomization characteristics over the basel me design 
hardware. Table XV contains a list of the swirl cup configurations evalu- 
ated, ind a summary of their resaits. The most promising pilot stage swirl 
cup de:- ign configuration which evolved from this series ol tests featured 
a reduced length secondary venturi barrel with a chamfered trailing edge, 
plus a small radial tertiary swirler counterrotating with respect to the 
axiai secondary swirler. Velocity profile measurements made of the swirl 
cup flow field, are shown in Figure 37. However, this swirl cup design still 
had poor recirculation characteristics, similar to some ol the other modified 
designs evaluated. A schematic of this preferred pilot stage swirl cup 
design along with a photograph of the observed tuel spray is shown in Figure 
38. Since the main emphasis of the program was directed at reductions in 
idle emission?, no effort was made at this time to improve the baseline main 
stage swirl cup design. Therefore, this modified pilot stage swirl cup 
design along with the original main stage swirl cup design were incorpo- 
rated into the baseline sector combustor configuration for Idle emissions 
evaluat ion . 
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A series of velocity profile investigations were performed on modified 
configurations of the baseline sector combustor pilot stage swirl cup 
design, in addition to a new swirl cup design conf igurat ion featuring a 
small radial secondary swirler and an axial primary swirler. The intent 
of these investigations was to evolve a swirl cup design with improved 
rec trculat ion characteristics compared to the existing baseline sector com- 
bustor pilot stage swirl cup design. A description ot the designs evalu- 
ated is contained in Table XVI. Results of the velocity profile investiga- 
tions using a wedge probe shown in Figure 37, reveal that the recirculation 
characteristics demonstrated by the radial secondary design (Conf igurat ion 3), 
were superior to the baseline and modified versions of the baseline design. 
Further evaluation ot Configuration ) was conducted in the fuel spray visual- 
ization stand and revealed that this swirl cup design had acceptable fuel 
spray characterist ics. This radial secondary swirl cup design was then 
incorporated into the pilot stage dome of sector combustor Conf igurat ions 
3 through 24. 

For sector combustor Conf igurat ion 2S, mod i f icat ions to the pilot stage 
swirl cup design were made to increase the pilot stage airflow in an attempt 
to shift the fuel-air rat io at which the minimum CO emission levels occurred 
closet to the design cycle idle fuel-air rat io of 0.01b. Several swirl cup 
designs were evaluated in the visual fuel spray facilitv. Of these, the pre- 
ferred design featured an FlOl-tvpe radial primary swirler, an F100-tvpe 
radial secondary swirler, plus a wide angle (90*), conical sleeve insert. A 
schematic of this pilot stage swirl cup design is shown along with a photo- 
graph of the observed fuel spray in Figure 19. Tins pilot stage swirl cup 
design was incorporated in sector combustor Conf igurat ions 2S through 31. 

In sector combustor Conf igurat ion 29, the pilot stage emission levels at s.0‘. 
of sea level takeoff thrust at idle when equipped with this design exceed 
slightly the program target goal for CO emissions. 

ITie sector combustor swirl cup feve lopment was then directed at improving 
the main stage combust ion performance . eighteen swirl cup design modi f ica- 
t ions were evaluated in the fuel spray facility. Several ot these swirl cup 
designs which had demonst rated good fuel spray character i si ics underwent 
velocity profile measurement s to determine the size and strength of the re- 
circulation zones downst ream of the swirl cup. The swirl cup design which 
evolved with the best overall performance featured an axial primary swirler, 
a count errot at ing axial secondary swirler, a counterrotating CFb-type radial 
tertiary swirier, plus a wide angle 190*) conical sleeve insert. A schematic 
of this main stage swirl-cup design is shown along with a photograph ot the 
observed fuel spray in Figure 40. The measured swirl-cup flow field velocity 
profile is shown in Figure 41. This main stage swirl-cup design was incorpo- 
rated in sector combustor Configuration 31, which demonstrated N0 X emission 
levels which satisfied the program goals. 


7 . 5 SW1KI. -COP CARBON INC TESTS 

The original program plan included a swirl-cup carboning proof test as 
part of the overall development program. However, this element of the pro- 
gram was eliminated early in the test program. Extensive carboning testing 
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has been conducted at General Electric as an integral part of combustor de- 
velopment programs for new combustor designs. More recently in the NASA/GE 
ECGP , swirl-cup designs have been evolved demonstrating carbon-free operation 
using heavy distillate-type fuel. The use of the heavy distillate fuel 
imposes more severe conditions than would be expeced with Jet A fuel. From 
the results of the NASA/GE ECCP, criteria have been formulated based on swirl- 
cup geometry parameters to obtain a swirl-cup design which will operate with- 
out harmful, carbon deposit buildups. These design criteria are shown in 
Figure 42. 

The swirl-cup design of the fjCSEE double-annular dome combustor is very 
similar to that evolved in the NASA/GE double-annular dome combustor design. 
Therefore, with the extensive experience acquired in developing carbon-free, 
swirl-cu*> designs in these earlier programs, and the use of available design 
criteria to select the proper swirl-cup parameters for the QCSEE swirl-cup 
design for carbon-free operation, it was decided that swirl-cup carboning 
demonstration tests would not be required. 

7 . b EXIT TEMPERATURE PROFILE RESULTS 


Exit temperature profile characteristics of the (JCSEE double-annular 
dome sector combustor were obtained from tests of Configuration 31 at con- 
ditions representing design cycle idle, (4* of sea level takeoff thrust), 
approach, and sea level takeoff. Testing was conducted in the Advanced 
Combustion Laboratory Facility. flerefore, the approach and sea level take- 
off conditions were derated because of facility and test rig limitations. 

The exit temperature profile character i st ics of the double-annular dome 
sector combustor demonstrated rodial temperature gradients peaked strongly 
inward at the idle and approach conditions when only the inner annulus pilot 
stage was fueled. This profile characteristic was also observed in tests 
performed earlier during the NASA/GE ECCP double-annular dome combustor pro- 
gram. However, the profile was peaked outward in this design due to the 
pilot stage being located m the outer annulus dome. The severity of the 
i^CSEE doub le- annul ar dome combustor profile gradient was greatest in the be- 
tween cup regions, and was found to be strongly influenced by the pilot to 
main stage fuel flow split. Significant reductions in the profile gradients 
were observed by increasing the fuel flow to the main stage, while corre- 
spondingly decreasing the fuel flow to the pilot stage to maintain the over- 
all fuel-air ratio. At the approach operating conditions, a minimum radial 
profile gradient, peaked toward the inner liner, of 167 K was obtained at 
a pilot to main stage fuel flow split of 50/50. At sea level takeoff oper- 
ating conditions, a uniform temperature profile was obtained while operating 
the sector combustor at a 30/70 pilot to main stage fuel flow split. The 
averge radial temperature profiles and calculated pattern and profile factors 
for Configuration 31 are shown in Figures 43, 44 and 45. 
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Figure ‘13. QCSF.E Double Annular Sector Combustor, Exit 
Temperature Protile Test - Configuration 31 
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Figure 44. QCSEE Double Annular Sector Combustor, Exit Temperature Profile Test - Configuration 31 
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7.7 LINER METAL TEMPERATURE RESULTS 


Liner metal temperatures were measured using Chrome l-Alumel thermo- 
couples located at several points on the cold side of the inner and outer 
liners. These thermocouples were monitored throughout the emissions test- 
ing phase of the program. For the majority of the configurations tested, 
only the idle conditions were set. However, for the baseline, 17, and 31 
sector combustor configurations, simulated high power conditions were run. 
Thermocouple data from these test runs provided an indication of the liner 
metal temperature variation from idle to takeoff and for various pilot to 
main stage fuel splits at the approach and takeoff conditions. The highest 
indicated metal temperatures were on the inner liner panel No. 2. Because 
of the severe curvature of the inner liner flowpath, this panel is directly 
in-line with the inner annulus hot combustion gases subjecting the panel 
to a more severe heating condition. A summary of the indicated liner tem- 
peratures for these three sector combustor i onfigur.it ions is shown in Table 
XVII. An illustration of the location of the thermocoupl es is shown in the 
figure at the right of the table. 


7.8 SECTOR COMBUSTOR PRESSURE DROP RESULTS 


The outer dome, inner dome, and total combustor pressure drops were 
measured using the instrumentation installed on the sector combustor, and 
in the test rig. The values of these pressure drops are tabulated in 
Appendix A for all test conditions at which the 32 sector combustor con- 
figurations were evaluated. In general, the measured pressure drops ranged 
from 31 to 6 %. However, there were a considerable number of measured pres- 
sure drops outside of this range, and there was often considerable variation 
in the measured total combustor pressure drop within a test point series in 
which only the overall fuel-air ratio was changed. These uncharacteristically 
low or high measured pressure drops, plus the observed variations, were 
attributed to a problem in accurately measuring the sector combustor exit 
total pressure. In Figure 46, the total sector combustor pressure drop 
corrected to the QCSEE double-annular design cycle sea level takeoff condi- 
tion is plotted against the calculated sector combustor exit temperature to 
measured inlet temperature ratio, (T 39 /T 3 ), for the baseline, 17 and 31 
sector combustor configurations. This fig .re indicates that an increase in 
the measured combustor pressure drop occur - ed between the baseline configura- 
tion and Configuration 31. Some increase in the measured combustor pressure 
drop occurs when operating the combustor with both the pilot and main stages 
fueled as compared to operating with only the pilot stage fueled. 
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8.0 FLIGHT TYPE COMBUSTOR 


The QCSEE double-annular combustor development program was directed 
primarily at evolving a combustor design which could demonstrate CO and HC 
emissions levels at ground idle conditions, and N0 X emission levels at high 
power conditions required to satisfy the very challenging EPA standards appli- 
cable to the QCSEE UTW and OTW engines. The preferred flight-type combustor 
design selected was Configuration 31. This selection was based upon the 
emissions results of this sector combustor technology development program in 
which Configurations 29 and 31 had demonstrated the applicable EPA standards 
for the three emissions categories. A detailed illustration of this final 
QCSEE double-annular sector combustor (ies.'.gn defining the key features and 
dimensions is shown in Figure 47. 

The EPA emissions standards are based upon a representative landing- 
takeoff cycle (EPA-LTO) which includes idle, approach, climbout, and sea level 
takeoff engine operation conditions (Reference 2). In order to evaluate the 
development progress in terms cf satisfying the program emissions goals, it is 
necessary to investigate the emission levels at each of the prescribed EPA- 
LTO cycle conditions to determine the impact of a particular combustor modifi- 
cation on the CO, HC, and NO x emission levels. 

The key emission results, in terms of emission indices, for the selected 
double-annular dome combustor configuration at standard day idle, approach, 
climbout, and sea level takeoff operating conditions are summarized in Table 
XVIII. Generally, at each operating condition, except idle, a range of fuel 
flow splits between the pilot and main stage domes was investigated to deter- 
mine the fuel flow split that produced the lowest emissions levels. The data 
in Table XVIII are shown for the high pressure ratio engine cycle definition 
since this cycle is considered more representative of the operating charac- 
teristics of a modern version of QCSEE, when equipped with a double-annular 
combustor . 

Emission results, in terms of the EPA parameter, for this selected com- 
bustor design are summarized for the high pressure ratio (double annular) 
engine cycle, and for the lower pressure ratio (QCSEE OTW) engine cycle in 
Table XIX. Figure 48 shows that for che high pressure ratio flight type 
engine cycle, the selected double-annular dome combustor design evolved as 
part of this program will meet the applicable EPA standards for all three 
emission categories with a ground idle thrust power setting of 4.5% of SLTO 
thrust with the pilot stage only operating at the approach condition. 

While significantly reduced emissions and promising performance charac- 
teristics have been obtained in this double-annular dome combustor design, it 
must be recognized that this advanced combustor design is considerably more 
complex than current technlogy combustor designs. One of the areas not 
explored with the staged combustor involves crossfiring between stages, 
which in the case of a double annular dome combustor design, must proceed 
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Table XVIII. Emissions Results for QCSEE Double Annular 
Combustor Final Configuration at EPA L-O-T 
Cycle Conditions QCSEE Double-Annular Engine 


EPA Landing and 
Takeoff Cycle 
Condition 

Li CO 

6 /kg Fuel 

EI HC 

g/kg Fuel 

ei no x 

g/kg Fuel 

Idle: 




4 % 

34.5 

2.0 

2.0 

4.5% 

23.0 

0.7 

2.5 

6.0% 

16.0 

0.5 

3.0 

Approach : 




Pilot Only 

1.9 

0.1 

8.8 

60/40 Pilot/Main 

16.2 

2.1 

1.4 

Cl imbout : 

0.5 

0 

10.0 

Takeoff 

0.5 

0 

14.0 

















Table XIX. QCSEE Double Annular Combustor Final Configuration EPA 
Parameter Results. 


QCSEE Double Annular Engine Cycle 

Lbs/1000 Lbs - thrust - Hr | 

EPAP CO 

EPAP HC 

EPAP 

N0 X 

4% Idle: 





Pilot Only at Approach 

5.6 

0.32 

3.0 


60/40 (Pilot/Main) at Approach 

6.7 

0.48 

2.4 


4.5% Idle: 





Pilot Only at Approach 

4.3 

0.13 

3.0 


60/40 (Pilot/Main) at Approach 

5.4 

0.29 

2.5 


6% Idle: 





Pilot Only at Approach 

3.3 

0.10 

3.0 


60/40 (Pilot/Main) at Approach 

4.3 

0.25 

2.4 



QCSEE OTW Engine Cycle 


4.5% Idle: 

Pilot Only at Approach 

6.3 

0.25 

2.4 

1 

1979 Standards 

4.3 

0.8 

3.0 

_J 









lb/1000 lb Thrust-hr 






















9.0 CONCLUSIONS 


The design and development of a QCSEE-sized double-annular dome combus- 
tor has provided important additional design technology for the evolution of 
small size advanced combustors which will meet very stringent emissions re- 
quirements at very severe combustor inlet conditions. As a result of this 
sector combustor technology development test program, key design features 
were identified which resulted in substantial reductions in CO and HC emission 
levels at ground idle operating conditions, compared to the levels obtained 
with a conventional combustor design. In addition, based on the sector com- 
bustor test results, it is expected that this double-annular, two-stage com- 
bustor approach will provide very low N0 X emission levels at high power 
operating conditions. With the final combustor design evolved in this program, 
CO, HC, and N0 X emissions levels were obtained which met the program goals. 

It was also determined in the technology development tests of this combustor 
design that high combustor efficiency could be obtained over wide ranges of 
combustor operating conditions when the proper fuel staging conditions were 
selected. As part of this test program, the combustor performance character- 
istics were evaluated and found, in general, to be satisfactory. Altitude 
ignition performance, in particular, was found to be very promising at this 
stage of development of a combustor design. However, to evolve a QCSEE- 
sized double-annular combustor which will satisfy all of the performance 
and operating requirements such as pattern factor, profile factor, fuel 
scheduling, and combustor life, it is expected that additional full-annular, 
full-scale tests will be required to fully develop this double-annular dome 
combustor concept. 


APPENDIX A 


This appendix contains summaries of the operating conditions, combustor 
performance data, and exhaust emissions data for each sector combustor con- 
figuration tested. Tables XX through LIII contained in this appendix are 
ordered chronologically from the initial baseline configuration to the final 
configuration. For each of the simulated engine high power operating condi- 
tions, the CO, HC, and N0 X emission indices are presented two ways: as 

measured in the test and corrected to the actual engine cycle operating condi- 
tions using the correction procedures described in Appendix B. 
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Table ZZI £ . Summary of last Results: Configuration MOD- 2 OCSEE Double Annular Combustor. 




XX Iff. Summary of Test Results: Configuration MOD-3 QCSCb Doublo Annular 











Table XXV. Summary of Test Results: Configuration MOD-5 QCSLfc Double Annular Combustor 






























































Table XXXI. Summary of Test Results: Configuration MOD-11 QCSEE Double Annular Combustor 














Table XXXI C. Summary of Test Results: Configuration MOD-12 QCSEF Double Annular Combustor 

































Table XXXV. Summary of Test Results: Configuration MOD-15 QCSEE Double Annular Combustor. 
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Table XXXIX. Summary of Test Results: Configuration MOD-18 QCSEE Double Annular Combustor. 















Table XL. Summary of Test Results: Configuration MOD-19 QCSEE Double Annular Combustor 
































Table XLIIt. Summary of Test Results: Configuration MOD-22 QCSEE Double Annular Combustor. 
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Table XLVIIL. Summary of Test Results: Configuration MOD-27 QCSEE Double Annular Combustor. 























































APPENDIX B 


This appendix contains adjustment relationships which were used to cor- 
rect the measured emissions data obtained at derated high power operating 
conditions to the actual QGSEE double-annular engine design cycle conditions. 
These relations are defined as follows: 

(1) EICO(ADJ) - EI C 0 (MEA) (P 3 /P 3 CYCLE * 1 ' 5 ~ g/kg fuel 

(2) EIjkj(ADJ) * EIhc(MEA) (P 3 /P 3 CYCLE * 7 ' 5 " g/kg fuel 

(3) EI NOx (ADJ) = EI N o x (MEA) (P 3 CYCLE/ p 3 * 0,37 ~ f - g/kg fuel 


These relations were developed as part of the EPA/CFM56 and NASA/GE ECCP 
programs and have generally provided a satisfactory method for adjusting the 
emissions levels to he correct combustor inlet conditions as specified in 
an engine cycle. 


APPENDIX C 


EPA EMISSION PARAMETER CALCULATION PROCEDURE 


This appendix presents calculation procedures which were derived to 
calculate EPA emission parameters using the data obtained from the sector 
combustor tests. 


The gaseous exhaust emission standards in Reference 5 are expressed in 
terms of maximum allowable quantity of emission per 1000 pounds-thrust hours, 
for a prescribed takeoff-landing cycle: 

y* w fj 

60 1000 EI ij 


EPAP. 


( 1 ) 


Vli 

60 


!!i_ 

1000 


where 


El 

EPAP 

f N 

t 

W f 


Emission index (lb/1000 lb fuel) 

Emission parameter (lb/1000 lb thrust-hr) 
Net thrust (lb) 

Prescribed time (minutes) 

Fuel flow rate (pph) 


and the subscripts are: 


Type of emission (CO, HC, N0 X ) 

Prescribed power level (idle, approach, climbout, 
and takeoff) 


For a particular engine cycle, Equation (1) can be reduced to: 


EPAPi 


■ £ 


(Cj) (Ely) 


( 2 ) 


where : 


C. = 
3 




60 1000 


60 1000 


(3) 
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The coefficients (Cj) for the QCSEE double-annular engine design cycle 
are derived in Table L. Equation (2) can be expressed in the following form: 

j 


EPAP. 

i 


(EPAP i, S TD> 



E*ij 

/ EPAPj , stD \ 

V c i / 


(4) 


where EPAPj.(STD) is the standard for each type of gaseous emission. For the 
QCSEE double annular, Equation (4) becomes: 


(5a) EPAP C0 = 4.3 [(EI C0 (IDLE)/23.941) + (EI co (APPROACH)/53.885) + 

(EI CO (CLIMB)/33.102) ♦ (EI co (TAKEOFF)/86. 345)3 
(5b) EPAP HC = 0.8 [(EI hc (IDLE)/4.454) + (EI HC (APPROACH)/10.025) + 

(EI HC (CLIMB)/6.158) + (EI HC (TAKEOFF)/16.064) ] 

(5c) EPAP N0 = 3.0 [(EI no (XDLE)/16. 704) + (EI N0 (APPROACH/37.594 + 

(EI no ( CLIMB )/23. 095) + (EI N0 (TAKEOFF)/60.241) ] 

X X 


Table LIV. EPAP Coefficients for QCSEE Double Annular Engine Cycle. 


(Class T2 Engine) 


Power Level 

t 

Minutes 

Fn 

lbf 

Wf 

ppm 

lbm/l^f-hr 

CO 

w 

Idle 

26 

880 

731 

0.1796 

23.941 

Approach 

4 

6,600 

2110 

0.0798 

53.885 

Climb 

2.2 

18,700 

6246 

0.1299 

33.102 

Takeoff 

0.7 

22,000 

7523 

0.0498 

86 . 345 



16.704 

37.594 

23.095 

60.241 
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